ABSTRACT: Insufficient oxygen transfer can result in anaerobic biofilms and odor generation during biochemical oxygen demand (BOD) removal in trickling filters, and can limit ammonia oxidation in nitrifying trickling filters. Since oxygen transfer to biofilms in plastic media trickling filters occurs by diffusion of oxygen through thin fluid films, previous models used solutions based on penetration theory to calculate BOD removal. However, it is shown in this paper that penetration theory is not valid for typical hydraulic conditions in trickling filters since oxygen can diffuse through the fluid film and reach the biofilm surface. As a result, numerical solutions are required to solve the equations describing oxygen mass transport to the biofilm. Computer models are therefore used to calculate the maximum oxygen transfer during BOD and ammonia oxidation in plastic media trickling filters. These models can be used by design engineers to minimize conditions that may cause odor generation in trickling filters, and to provide an upper limit to the efficiency of nitrifying trickling filters.
INTRODUCTION
Trickling filters, or biotowers, continue to be an important treatment technology for domestic and industrial wastewaters. Furthermore, the overall efficiency of biochemical oxygen demand (BOD) removal can be enhanced when sludges from clarifiers are combined with tower effluent in a trickling filter/solids contact (TF/SC) process (Norris et al. 1982) . Plastic media towers are also being increasingly used for nitrification of wastewaters (Parker et al. 1989b) .
Early trickling filter design models for BOD removal, such as the National Research Council (NRC) and Velz equations, were based on the assumption that microbial kinetics limited substrate removal (Logan et al. 1987b ). In the last 20-30 years, several models have challenged this assumption, showing that diffusion through the thin film, or mass transfer of substrate to the biofilm could be limiting BOD removal in trickling filters (Swilley and Atkinson 1963; Maier et al. 1967; Kissel 1986; Logan et al. 1987b ). The most recent generation mass transfer models rely on numerical solutions of kinetic and transport equations (Logan et al. 1987b; Hinton 1989 ). The computer model developed by Logan et al. (1987b) successfully predicted soluble BOD (SBOD) removal at several pilot-and full-scale treatment plants. The application of this model to trickling filter design has resolved several design issues. For example, kinetic models predict that for a given volume of plastic media, taller towers will remove a larger fraction of applied BOD. Similar calculations using mass transfer models, however, predict a very small increase in BOD removal using taller towers (Logan et al. 1987a ). Although it is now recognized that tower height has little effect on treatment efficiency, the continued use of kinetic models has required that kinetic "constants" tEnvir. Engrg. Program, 206 Civ. Engrg. Building, Dept. of Chemical and Envir. Engrg., Univ. of Arizona, Tucson, AZ 85721.
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be adjusted as a function of tower height to correct the model (WEFManual of Practice 1992) .
The calculation of oxygen transfer in a trickling filter (TF) used for either BOD removal or nitrification (nitrifying trickling filter [NTF] ) is not adequately addressed in trickling filter design manuals and textbooks (WEF manual of practice 1992; Metcalf and Eddy 1991) . The only model widely available to calculate oxygen transfer to plastic media TFs was developed by Mehta et al. (1972) . The application of this model successfully accounted for BOD removal at three wastewater treatment plants. However, as will be shown below, Mehta's model was based on a solution of a transport equation (penetration theory) that is invalid for the operating conditions in most TFs and NTFs.
Oxygen transfer in TFs is an important design criterion since BOD removal in excess of oxygen availability to the biofilm can create anaerobic conditions and cause odors (Logan et al. 1989b) , and in NTFs, can limit process efficiency (Parker et al. 1989a ). Logan et al. (1987a) used a computer model to assess oxygen transfer to biofilms, and argued that since the observed rate of BOD removal exceeded the maximum rate of oxygen transport, it was unlikely that oxygen transfer would limit BOD removal in trickling filters treating domestic wastewater. However, it is apparent that the issue of oxygen transfer has not been adequately addressed (Hinton and Stensel 1989; Logan et al. 1989; .
There are two main objectives of the present study. The first is to show that calculations made by Mehta et al. (1972) cannot be used for calculating oxygen transfer to trickling filter biofilms despite claims and calculations by those authors. The second is to provide design procedures for calculating the maximum rate of oxygen transfer in TFs and NTFs. Establishing maximum rates will provide operators and engineers a basis for calculating the efficiency of treatment systems.
METHODS

Mehta Model
The calculation of oxygen to thin fluid films covering plastic media was made by Mehta et al. (1972) using penetration theory, which is an analytical solution of gas absorption by a laminarly flowing film on a wetted-waU column. According to Mehta et al. (their Equation 8) , the concentration profile of oxygen in the liquid film is: where Uavg = the average fluid velocity. Eq. (1) is incorrect, however, since it is dimensionally inconsistent: the left side of the equation is dimensionless, while the right side has dimensions of L 4 M-1. According to penetration theory, the correct concentration profile (Bird et al. 1960; Logan and Hermanowicz 1987 ) is: (2) C~ - Co.i, , 4 L \~ax/ J where the maximum velocity, v .... is equal to (3/2)V.vg, x = the distance from the air-liquid interface, and z = the distance of flow from the fluid entrance. The name given to this theory is derived from an assumption made to allow an analytical solution of the governing transport equation. The assumption is that the fluid velocity is constant, and equal to V=ax, if the gas absorbed by the fluid does not penetrate very far from the air-liquid interface. Therefore, penetration theory is only valid in the case of oxygen transfer into wetted films when oxygen penetration into the fluid is minimal. As will be shown below, this assumption is not valid for oxygen transfer to plastic media trickling filters. Mehta et al. (1972) 
where k = a mass transfer coefficient, Do = diffusivity of oxygen in the water, T = the hydraulic loading, p = the water density, ~ = the fluid film thickness, and L = the length of uninterrupted flow. Although (3) was derived in the original paper by Mehta et al. (1972) solutions of concentration profiles and mass transfer were readily available at the time in a standard mass transfer text (Bird et al. 1960) . The original expression used by Mehta et al. (1972) to calculate oxygen transfer into the liquid was not explicitly derived. In this paper the maximum overall rate of mass transfer to the biofilm, Ro, is calculated for the Mehta model using the definition of the mass transfer coefficient in (3); as:
where g = the gravitational constant, v = the fluid viscosity, w = the width of a plate (or the wetted perimeter), Q = the applied flowrate, C~ = the saturation oxygen concentration, and Co,in = the bulk liquid concentration of oxygen entering the plate. The total oxygen transfer into the liquid can be calculated from the product of the number of modules, the surface area per module, and the oxygen flux. Eq. (4) provides the same solutions as those in Mehta et al. (1972) if it is assumed that C0,i, is zero at the entry to each module in a trickling filter.
Oxygen Transfer Model: BOD Removal in TFs
Chemical transport in fluid films is calculated by numerically solving the transport equation 
where C = the concentration of the chemical, which can be oxygen, substrate, or ammonia, and v(x) = the parabolic velocity profile in the liquid film. Details of the numerical approach have appeared elsewhere (Logan 1986; Logan et al. 1987b ). For substrate (BOD) removal, the three boundary conditions used in the original TF model (Logan et al. 1987b) 
where Fs = the substrate flux and kls = a first-order rate constant that was assumed to be a function of substrate diffusivity, according to the equation kas = 4"uDsEsn, where n = the number concentration of cells in the biofilm calculated from n = 3(1 -p)/(4~ra3). The diffusion coefficient is corrected for temperature by the usual assumption that D~/T is constant (Welty et al. 1976 ). The collector efficiency, EB, was determined to be 0.0035 from model calibration assuming values of 0.8 for the porosity, p, and 1 I~m for the cell radius, a. Using these values and equations, the third boundary condition becomes:
Fs= L
The substrate flux, which is the sum of five different BOD components, is therefore based on a first-order kinetic model that has a rate constant that is a function of diffusivity to the first power, rather than the half power, as previously discussed (Logan 1986; Logan et al. 1987b; Logan et al. 1989 ). This dependence of the kinetic constant on the diffusion coefficient results in kinetic rate constants that decrease with increasing molecular weight. This result is reasonable since high molecular weight substrates must be hydrolyzed before incorporation into the cell. The kinetic model, which is based on mass transfer correlations, has also been used to demonstrate the effect of fluid motion on bacterial kinetics (Logan and Dettmer 1990; Logan and Kirchman 1991; Confer and Logan 1991) . Oxygen transfer is calculated using (5) and the boundary conditions: 
where F0 and F0 .... are the actual and maximum oxygen fluxes into the biofilm. When Fs is less than the maximum rate of oxygen transfer into the biofilm, F0 is calculated from the total substrate flux by assuming a 1:1 ratio of substrate (as BOD) to oxygen. Previous investigations of heavily loaded trickling filters have shown that at most trickling filters treating domestic wastewater BOD removal can exceed the maximum oxygen transfer to a biofilm (Logan et al. 1987a) . Therefore, if the amount of BOD removed in the biofilm is larger than the oxygen flux, the oxygen flux into the biofilm is calculated as the maximum oxygen flux using the oxygen gradient at the biofilm-liquid interface, or Fo(
The maximum oxygen transfer can be computed by setting the BOD to be a very large number (i.e., 1,000 mg L-a), and by summing the oxygen flux into the biofilm during the fluid flow along the plate. At the end of each module, or for cross-flow media at each mixing point, the fluid is assumed to be completely mixed and the dissolved oxygen concentration entering a successive plate is calculated from the average oxygen concentration leaving the previous plate. As a result, the steady state solution for (5) must be solved for each new entering fluid concentration and this calculation must be repeated for each successive module or plate. This can result in a substantial amount of computing time (several hours on a 80286 PC) for applied wastewaters with different dissolved oxygen concentrations.
Oxygen Transfer Model: Ammonia Oxidation in NTFs
For nitrification, kinetic constants are well studied and the boundary condition in (8) 
Oxygen transfer is calculated as above. By setting the ammonia concentration to be very high, the maximum oxygen transfer can be computed by summing the oxygen flux into the biofilm during the fluid flow along the plate at steady state. Since the oxygen concentrations vary from module to module, this calculation must be iterated, as just described, with successive modules in an NTF. The constants used in this model are summarized in Table 1 . 
RESULTS
Oxygen Transfer Using Mehta Model
The limitations of the Mehta model are best illustrated using an example calculation (example 1) from their original paper (Mehta et al. 1972) . A film thickness, based on the above hydraulic loading, is 129 ixm. The concentration profile was calculated based on penetration theory using (2). After moving only 1.63 cm down the module, dissolved oxygen is 1% of C* halfway to the biofilm. According to penetration theory, however, oxygen cannot "penetrate" very far into the liquid, or the theory is not valid (Bird et al. 1960) . Mehta et al. (1972) imply that their solution is valid as long as the oxygen concentration at the liquid-biofilm interface is not greater than 0.02 C*. However, this condition is met after fluid has reached 11.3 cm (Fig. 1) . By the time the fluid has reached the end of the module (60 cm), the concentration at the liquid-biofilm interface is 0.4 C*, which is clearly greater than the range for which penetration theory could be considered valid.
1.5-m2-by-5.5-m-deep
The finding by Mehta et al. (1972) that BOD removal was similar to their calculated oxygen transfer does not require the system to be limited by oxygen. The use of other models, not based on oxygen-limited BOD removal, yields similar estimates of BOD removal. For example, the modified Velz model (WEF manual of practice 1992) yields 77% removal using a kinetic (k20) constant of 0.0014 (L m -2 S-1) ~ and a temperature correction factor of 1.035. Although the TF model of Logan et al. (1987b) was developed to predict SBOD removal, input of the total BOD into the model results in a predicted removal comparable to the BOD removal reported above. The TF model predicts an effluent BOD of 100 mg L -1, or 67% BOD removal, versus the observed effluent BOD of 92 mg L -1 (63% removal). Therefore, these other models provide reasonable predictions of tower performance without assuming that BOD removal is limited by oxygen transfer to the biofilm.
There are two other problems with using the Mehta model. First, fluid entering successive modules in a trickling filter will not be devoid of oxygen. The calculations by Mehta et al. (1972) calculations, however, assume that wastewater entering each module is devoid of oxygen. This assumption is inconsistent with their own calculation that wastewater leaving a trickling filter could contain an oxygen concentration of (5/8)C* even though the biofilm was limited by oxygen. The second limitation of the Mehta model is that it does not account for the fact that if fluid entering a module contains dissolved oxygen, an oxygen gradient will develop at the biofilm-liquid interface and will extend into the liquid. This has the effect of accelerating oxygen transport into the biofilm by increasing the oxygen gradient at the liquid-biofilm interface, and therefore, increasing the overall oxygen flux into the biofilm.
Oxygen Transfer Using Numerical Solution
Effect of Applied Dissolved Oxygen Concentration on Oxygen Transfer
The main differences between penetration theory and a numerical solution of oxygen transfer using the constituent transport equation is the ability in a numerical model to incorporate oxygen utilization by the biofilm and allow for a parabolic velocity profile. Shown in Fig. 2 are the DO profiles at a distance 30 cm and 60 cm along a typical 100 m 2 m -3 vertical flow media (VF100) loaded at 0.68 L m -2 s -1, calculated for the maximum rate of oxygen transfer in a TF. In one case [ Fig. 2(a) ] the influent stream is saturated with oxygen, while in the second case [ Fig. 2(b) ] the influent stream initially contains no dissolved oxygen. In both cases, the DO profiles 
2, and 60 cm: (a) Applied Wastewater is Saturated with Oxygen; and (b) Applied Wastewater is Devoid of Oxygen
at the end of the module are nearly identical. These profiles are shown in three dimensions along the length of flow in Fig. 3 . It can be seen that the initial oxygen concentration at the top of the tower has little effect on the total dissolved oxygen concentration after the first module. The total amount of oxygen transferred in a module of vertical-flow and cross-flow media is shown in Fig. 4 for three cases. The first two cases are as just presented, in which the fluid entering is saturated with oxygen or the fluid entering is devoid of oxygen. In the third case, the dissolved oxygen is entering at a steady state concentration, or an average concentration leaving modules further down in the trickling filter. The steady-state concentration was determined by calculating the DO concentrations entering and leaving a series of modules until the DO concentrations leaving adjacent modules were identical. For example, at 0.68 L m -2 s-1 if the wastewater is initially devoid of oxygen, the effluent from the first module will contain 6.0 mg-O2 L-1, resulting in an overall aerobic removal of 7.7 mg-BOD L-~. Wastewater leaving the second module will also contain 6.0 mg-O2 L 1. The overall aerobic removal in the second module is the steady-state removal of 9.6 mg-BOD L-~ module-~.
Effect of Kinetic Model on Maximum Oxygen Transfer
The aforementioned numerical examples were calculated for oxygen transport during BOD removal. If the influent concentration of oxygen is defined as the steady-state concentration, the maximum amount of oxygen transport into four different media can be calculated, as shown in Fig. 5(a) . This oxygen flux can be compared with the maximum oxygen flux calculated using the nitrification model in Fig. 5(b) . There is only a small difference in maximum oxygen transfer determined using the two models [ Fig. 5(c) ]. This is due to the fact that very little oxygen is present at the biofilm surface (i.e., Fig. 3 ). In both cases, the oxygen flux is limited by oxygen transport through the thin film.
Effect of Temperature
The maximum possible rate of oxygen transfer is not predicted to substantially change with changes in temperature. As shown in Fig. 6 , the maximum rate of oxygen transfer increases only 14% for XF98 media, and 34% for VF100 media, between 10~ and 30~ using the BOD model. Similar changes are calculated for the nitrification model. The increase in oxygen transfer is due to an increase in oxygen diffusivity and a decrease in fluid film thickness. Although the detention time of fluid on media decreases with increased temperature, this effect on the rate of oxygen transfer is calculated to be less important than changes in diffusion coefficients and fluid thickness.
ANALYSIS
Oxygen rapidly penetrates thin fluid films covering biofilms in plastic media trickling filters. In order to use penetration theory, oxygen should not penetrate far enough into the liquid to invalidate the assumption that the fluid velocity is constant and equal to the maximum velocity. However, oxygen from the air-liquid interface diffuses to the biofilm surface under typical hydraulic conditions in trickling filters. Therefore, the total oxygen flux cannot be calculated using the model by Mehta et al. (1972) based on penetration theory since the assumptions required for this analytical solution cannot be met in trickling filters. The Mehta model is also inaccurate since the oxygen concentration boundary layer above the biofilm will increase the oxygen gradient at the air-liquid surface, and this will accelerate oxygen transfer into the biofilm.
Numerical models, however, can be used to calculate the maximum oxygen flux to biofilms in plastic media trickling filters. Parker et al. (1989a) hypothesized that oxygen transfer limited the rate of ammonia oxidation in NTFs. Using the BOD-based oxygen transfer numerical model, they calculated the maximum amount of ammonia transformation from the maximum oxygen flux using a conversion factor of 4.3 g-NH3-N/g-O2. They found that observed nitrification rates at several treatment plants were within the range predicted based on oxygen-limited transfer. Parker et al. also suggested that maintaining thick nitrifying biofilms, through biofilm-control or periodic flooding, was critical for maintaining nitrification at the maximum rate. Much lower nitrification rates than the maximum have been observed due to biofilm consumption by predators, dry spots on media (incomplete wetting), and to excess BOD in the applied wastewater (Gujer and Boiler 1983; ). In the latter instance, heterotrophs growing in the biofilm can be expected to grow faster and out-compete slower growing nitrifiers for oxygen in the biofilm.
The kinetic model used to calculate the substrate flux into the biofilm has little effect on the maximum rate of oxygen transfer to the biofilm. It was shown using two different kinetic models (Fig. 5 ) that similar maximum rates of oxygen transfer (within _+ 10%) into the biofilm were predicted by both models. Therefore, the diffusion of oxygen through the liquid limits the maximum amount of oxygen transfer. The actual rate of oxygen transfer can be less than the maximum for several reasons. First, a reduction in biofilm kinetics would decrease oxygen utilization to less than the maximum rate. Kinetic rates typically halve with a 10~ decrease in temperature. In pilot-and full-scale NTFs, Parker et al. (1986b) cites a 50% increase in average nitrification rates in an NTF over a temperature range of 10-20~ The NTF model just presented, however, predicts only a 15% increase in the maximum rate with temperature. The increased rate of nitrification documented by Parker et al. (1989b) is likely not only a result of the decreased activity of the biofilm at lower temperatures, but could also be a function of factors not investigated such as changes in biofilm thickness, wastewater composition (i.e., BOD loads), and media wetting.
Recently, other investigators (Hinton 1989; Hinton and Stensel 1991) have suggested that the fluid interruptions in TFs occur not through stream intersection in cross-flow media, but through fluid disruptions by drops generated by stalactites formed by microorganisms. The number and importance of these stalactites is hypothesized to vary with media, plant location, wastewater composition, and probably numerous other factors. In Hinton's model, fluid interruptions are modeled to have the same effect as those included in the above analysis. However, stalactites were only observed in TFs, and it is not known if thinner biofilms obtained in NTFs would similarly generate stalactites. Until methods become available to predict, a priori, the number of interruptions per module generated by stalactites, it is likely that the calculations presented above in this paper will continue to be useful for design and for increasing our understanding of oxygen transfer in TFs and NTFs.
Using the numerical model just presented, the effect of a variable number of interruptions on oxygen transfer can be determined. For the conditions of 0.68 L m -2 s -1, no recycle, and 20~ the maximum oxygen transfer was calculated for a hypothetical module of media having a constant specific surface area of 100 m 2 m -3. As shown in Fig. 7 , oxygen transfer increases from 10.0 g-O2 m -2 d -1 for no interruptions, to 12.6 g-O2 m -2 d -1 with nine interruptions. This translates to an increase in removal of 10.5 mg-BOD L -1 to 13.3 mg-BOD L -1 per module. Therefore, a large number of interruptions could substantially increase oxygen transfer.
Another factor that limits high oxygen transfer rates in trickling filters is incomplete wetting of media. For example, in a pilot study using XF138 media, Parker et al. (1989) estimated that since 71-99% of the maximum ammonia transformation was obtained, 1-29% of the media was incompletely wet. Although these estimates are useful measures of efficiency, oxygen transfer is not a linear function of surface area as implied in the calculation. For example, at 0.68 L m -2 s -~ (1 gpm ft 2) a module of 98 m 2 m -3 cross-flow media has a maximum transfer aerobic removal of BOD of 18.2 mg L-L At 50% wetting, the change would be 9.2 mg L -1. This is only 8% larger, however, than the rate estimated as 50% of the oxygen rate at 0.68 L m -2 s -1 (9.10 mg L-~). 
DESIGN CALCULATION
Trickling filters should be designed to maximize SBOD removal and to avoid problems with generation of odors by anaerobic processes. It has been demonstrated in previous examples (Logan et al. 1987a ) that SBOD removal can exceed oxygen transfer if a sufficient pool of alternate electron acceptors are available in the wastewater (Logan et al. 1989) . As a result, the determination of oxygen transfer and SBOD removal is a two-step design process. First, SBOD removed should be claculated by assuming the oxygen transfer does not limit SBOD removal. This can be done using the TF model, as described by Logan et al. (1987a) , based on (5)- (7) and (9). Second, the maximum rate of oxygen transfer can be calculated using the equations just presented, which can be computed using a model calculating the maximum rate of oxygen transfer (TFO), based on (5) and (10)-(12). These models are available from the writer as either complete FORTRAN programs or in a condensed version that completes calculations in several seconds, as opposed to several hours required in the original models.
As a design example, consider a 20-ft (10-module) trickling filter composed of XF98 media, loaded at 0.68 L m -2 s-1 and operating at 20~ with no recycle, with an influent SBOD of 100 mg L -1, and with wastewater entering the tower saturated with oxygen. Using the TF model, the effluent SBOD would be 26.6 mg L -1 (73.4% removal), with 13.2 mg L -1 of a SBOD removed in the first module. For the same conditions, oxygen transfer is sufficient to remove 12.0 mg-SBOD L-1 aerobically in the first module (assuming the wastewater entering the tower is saturated with oxygen). Therefore, the trickling filter would remove 1.2 mg-SBOD L-1 anaerobically.
The total amount of SBOD removed in the top module can be reduced by providing wastewater recycle. If the SBOD can be decreased to 90 mg L-1, SBOD removal in the first module would be nearly equal to the total oxygen flux. Choosing a recycle ratio of 0.1 (0.75 L m-2 s-1 total hydraulic load) produces an effluent SBOD of 27.3 mg L-l; for a primary clarifier BOD of 100 mg L -1, this produces an applied SBOD of 92.7 mg L -~, and a removal of 11.3 mg L-~ of SBOD in the first module. Assuming the tower effluent contains 6.2 mg L -~ of dissolved oxygen would produce a total applied wastewater containing 8.6 mg L-1. The TFO calculation indicates that a total of 11.0 mg L -~ could be removed aerobically. Since this is reasonably close to the calculated removal of SBOD, this should be sufficient oxygen transfer for the design calculation.
As long as oxygen transfer exceeds SBOD removal in the top module, oxygen transfer will be sufficient for lower modules in the tower. SBOD concentrations above 90 mg L -~ could either result in anaerobic removal of SBOD or, if no alternate electron acceptors were present in the wastewater, a decrease in SBOD removal. In addition, a series of calculations should be performed assuming other recycle ratios and primary clarifier dissolved oxygen concentrations to produce a reasonable range of performance within the expected design conditions of flow, temperature and SBOD concentrations. These calculations do not include oxygen demands associated with particulate BOD, and it may be necessary to estimate this organic load on total oxygen consumption in the trickling filter.
It should not be concluded, without calculations, that because verticalflow media are calculated to have a lower oxygen transfer efficiency than cross-flow media, that anaerobic removal of organic matter is more likely than with cross-flow media. Vertical-flow media are also predicted to remove SBOD less efficiently than XF media, thus necessitating a similar set of design calculations for VF media.
CONCLUSIONS
Although penetration theory cannot be used to predict BOD removal in trickling filters, existing numerical models can be used to predict oxygen transfer to biofilms in plastic media trickling filters. The aforementioned examples demonstrate that biofilm kinetics and temperature will have small effects on the maximum rate of BOD removal and nitrification, but that surface area (wettability and development of thick biofilms) and fluid disruptions can have large effects on trickling filter performance. Through the application of the trickling filter computer models, hydraulic loading and recycle rates can be chosen that eliminate conditions that may result in organics removal by anaerobic processes or conditions that limit trickling filter performance. k~, = first order rate constant describing rate of substrate utilization by biofilm (T-1); kN = first-order rate constant describing rate of ammonia utilization by nitrifying microorganisms in biofilm ( 
